After the surface of tungsten (W) alloys were roughened by laser, chemical vapor deposition (CVD) of diamond coatings were deposited on three tungsten substrates of pure W, W-1 wt.% La 2 O 3 and W-0.5 wt.% TiC. Under the same growth parameters, the presence of the second phase in the tungsten matrix impeded the growth rate of diamonds, so a completed diamond coating with the thickness of 45 μm and a grain diamond size of 10 μm was obtained only on pure tungsten substrate after running for 10 h. Scanning electron microscopy, X-ray diffraction and Raman spectroscopy tests proved that the obtained diamond coating was compact with a high purity and regular morphology. To verify the chemical and structural stability, the as-obtained diamond-coated tungsten materials were exposed to an ion flux of 1.4 × 10 21 ions m −2 s −1 in D plasma for 30 min. After irradiation, neither delamination, dramatic coating failure nor entire erosion of the coating (graphitization) was observed. The diamond coating can be an effective protective layer to stop tungsten atoms from splashing into the plasma.
Introduction
Tungsten (W) is considered as a kind of plasma-facing material for its low tritium retention, high melting point and high thermal conductivity, etc. [1, 2] . However, some weaknesses of tungsten such as the severe low temperature brittleness, recrystallization brittleness and surface damage limit its applications [3] [4] [5] . For the brittleness issue, the dispersion strengthening process is proved as an effective way to increase the strength of tungsten [6] . Traditional dispersion strengthened particles are usually carbide [7, 8] and rareearth oxides [9, 10] (like Y 2 O 3 , La 2 O 3 , TiC and ZrC). For the surface damage issue, the concern, such as the tungsten atom sputtering, localized melting and fibreform nanostructure by neutron and light ion irradiations [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are difficult to solve. This sputtering and localized melting cause tungsten atoms to sputter into the plasma, inhibiting even stopping the deuterium (D)-tritium (T) fusion reaction due to the heat loss [21] . The helium bubbles or fiberform nanostructure on the tungsten surface will drastically decrease the thermal conductivity by several orders of magnitudes, enhancing sputtering of tungsten atoms [12, 19, 22, 23] .
Diamond materials with strong directional sp 3 bonding have many desirable properties of plasma-facing materials such as the high thermal conductivity, low coefficient of thermal expansion and no melting at elevated temperatures [24] [25] [26] [27] . Different from the usual carbon material, the diamond, the sp 3 form of carbon, has a robust resistance to the erosion and sputtering. A previously published work [27] reported the diamond showed a chemical erosion of ~ 50% lower than that of graphite. Though the large size bulk diamonds are difficult to prepare, the growth of the diamond layer on the Mo and Si substrates and the irradiation resistance test was already published [25, 27] .
In this work, diamond was designed as a protective coating on different tungsten alloys. In order to explore the growth process, pure tungsten, W-La 2 O 3 and W-TiC are selected as substrates. The biggest difference among them was the type and content of the second phase. Through the optimization of the diamond growing condition and tungsten surface treatment, diamond coating with a high coverage ratio, high purity and micron-level size was prepared by the direct current plasma jet chemical vapor deposition (CVD) technique. Diamonds can be prepared by different methods. Taking the preparation of diamonds by the iron catalyst method as an example, the formation of diamonds requires a high temperature, high pressure and catalyst (1400-1900 °C, 5.5 × 10 9 Pa). Diamonds prepared by this method are mainly used for the grinding tool field which requires larger single crystals. The large size and high energy consumption make the production cost extremely high. As a contrast, diamonds prepared by the CVD method have a low cost and the growth environment is not harsh (~ 1000 °C, rough vacuum). Because it is a gas-phase growth environment and there are no constraints, the diamond coating can be grown on substrates of different shapes and sizes.
It was supposed that the as-obtained diamond coating by the CVD method was stable in the fusion condition because it is derived from the reaction of hydrogen plasma and CH 4 in the high temperature. The growth environment of diamonds is similar to the working condition in the fusion reactor. The diamond-coated tungsten substrate was exposed to the deuterium ion flux in the linear plasma device to test the irradiation resistance of the coating.
Experimental
The materials utilized in the experiment are pure tungsten, W-1 wt.% La 2 O 3 and W-0.5 wt.% TiC which were prepared by the powder metallurgical route. The sintered billets were rolled from the thickness of 25 mm to 12 mm. The rolled samples were annealed at 1373 K in the hydrogen atmosphere for 2 h to relax residual stress. The detail was previously reported by our group [7, 28, 29] . Then samples were cut into a size of 12 mm × 12 mm × 3 mm and polished to a surface roughness of Ra < 100 nm. All three tungsten samples were laser textured to prepare matrix pits on the surface, which could offer preferred nucleation places to ensure the diamond growth on the whole surface was regular and uniform.
The textured samples were cleaned by ultrasound in deionized water and acetone for 10 min, and then were bombarded by hydrogen plasma in a CVD chamber for 20 min. At last the diamond coatings were typically deposited for a 10 h run with a chamber pressure of 1 × 10 −3 Pa, a methane, hydrogen and argon gas flow of 60 mL min −1 , 6.2 L min −1 and 6 L min −1 in 1050 °C, respectively. The coated sample was irradiated by a deuterium plasma in a linear plasma device (Linear Plasma Device Laboratory of BUAA). The plasma parameters were: a deuterium ion flux of 1.4 × 10 21 ions m −2 s −1 , n e = 2×10 24 D m −2 ; T = 250 °C; T e = 80 eV. The microstructure of coatings before and after irradiation was characterized by field emission scanning electron microscopy (FE-SEM). The structure and phase analysis of coatings were detected by X-ray diffraction (XRD) and Raman spectra (λ = 514 nm). Figure 1 demonstrates the textured tungsten surfaces which help to enhance the adhesion and promote the uniform growth of diamond coatings. Three tungsten materials present the similar surface morphology. Pits of uniform size were uniformly distributed on tungsten surface, showing the shape of grids. The pit diameter of ~ 50 μm, depth of ~ 25 μm and the interval of 45 μm are measured, respectively. These regular pits caused by laser enable diamonds to grow first at the edge of every pit and become a kind of grid structure as they are set. Figure 2 shows the coating morphology of three tungsten samples. Despite the growing conditions being the same, the coatings on different substrates were notably different. The W-1 wt.% La 2 O 3 shows little coverage (Fig. 2a) and about half of the tungsten surface is bare; The W-0.5 wt.% TiC has higher coverage, most of the surface is covered by the coating while there still exist some bare areas (Fig. 2b) . Only the pure tungsten has the highest coverage rates (Fig. 2c) and the structured and dense coating covers the whole surface of the substrate. The best growing pure tungsten sample was further studied. When the view of the coating on pure tungsten is magnified, as seen in Fig. 3a , the surface manifests a regular columnar crystal structure. The average size of a crystalline grain is ~ 10 μm. As shown in Fig. 3b , only one color is observed in the back scattering mode. It demonstrates that the coating on pure tungsten is integrated and dense. In addition, under a higher magnification, as shown in Fig. 3c , the crystal face is smooth and angular and no amorphous phase is observed. From the side view of the substrate, as shown in Fig. 3d , the coating thickness is ~ 45 μm.
Results and discussion
Though the growth rates of diamonds on three materials were different, it was obvious that the coating grew beginning at the edge of every pit caused by laser and became a kind of the grid structure as set. In particular, the diamond coating on pure tungsten was very consistent with the lattice morphology. This phenomenon certifies the growth and morphology of the diamond coating can be controlled by a laser surface treatment. Besides, the diamond on pure tungsten had the best growth effect while its growing rate was slow on the surface of tungsten alloy containing the second phase. It can be extrapolated that the existence of the second phase such as rare-earth oxides and ceramics delayed the growth of diamonds. Due to the differences in the crystal structure and thermal conductivity between the second phase particles and tungsten, the temperature and charge distribution around the particles would change during the vapor deposition process, and the carbon atoms would be repelled to gather and nucleate near the second phase. But this hypothesis requires further experimental confirmation. In addition, the higher content of the second phase was, the less coverage of it would be. Therefore, for tungsten alloys containing the second phase, it was necessary to extend the growth time to achieve the full diamond coverage. Figure 4 shows XRD patterns of three tungsten samples. For all samples, the typical diamond peaks, typical WC peaks and W peaks are all observed, indicating asobtained diamond coatings. The presence of WC should be attributed to the reaction of active carbon species and tungsten atoms during a CVD process, which may improve the bonding strength of diamonds and tungsten. In addition, the (111) and (220) textured orientations (at 43.98° and 75.25°) of diamonds are detected with a high intensity of (111) facet.
Considering the integrity of the diamond coating, only the surface of pure tungsten was completely covered by diamonds, and thus, the pure tungsten-based coating was selected for irradiation. Before irradiation, the quality of diamonds was tested. Figure 5 shows the Raman spectra of diamond coatings on pure tungsten. Raman spectroscopy is the most widely used technique to characterize the composition of the diamond. Each specific peak of the phase identifies the diamond, graphite, or amorphous carbon, in accordance with its characteristic vibration modes. The spectra display the sharp peak of the diamond at 1328 cm −1 which is very close to the standard peak of the bulk diamond (1332 cm −1 ). The slight difference may be due to stress derived from the growth processing. Most importantly, no graphite or diamond-like carbon (DLC) peaks are observed, indicating the obtained diamond coating on pure tungsten is pure with a high quality.
After the irradiation, the scanning electron microscopy (SEM), XRD and Raman analyses were performed to characterize the damage or transformation that might occur on the diamond coating. All characterizations were repeated on different regions of the sample, showing similar results. The surface morphology after irradiation is shown in Fig. 6 which is clear that the bulk structures of the diamond coating show few modifications after the plasma blast (n e = 2×10 24 D m −2 ; T = 250 °C; T e = 80 eV). Clear and angular crystal faces are observed, which are consistent with the diamond morphology before irradiation. No obvious desquamation or significant fracture is observed on the surface of the pure tungsten-based coating. The whole diamond coating preserved intact, which proved that the coating can bear the plasma irradiation and thermal shock with no fracture. It further proved that the combination of the tungsten substrate and diamond coating is tough. At the same time, it is noticed that the coating surface becomes rough, as shown in Fig. 6b . When it was further magnified (Fig. 6c) , there were slight traces of etching which had a size of 100 nm or less. The morphology of the erosion is very similar to the shape of dry and cracked riverbed. The erosional mark on the crystal face is ultrafine while it is large and deep on the grain boundary and corner. This can be attributed to the erosion effect by deuterium ions with the carbon on the top surface of the diamond. When the high-energy hydrogen plasma was impacted on the surface of the diamond, the carbon on the grain boundary and corner with no robust all carbon sp 3 bond would be easy to release the methyl groups to the surface. Compared with the entire thickness of the diamond coating, the surface damage layer is very shallow. The stability of the macro-structure is maintained.
The Raman spectra after plasma exposure are shown in Fig. 7 . It demonstrates there is only one sharp peak of the diamond at 1334 cm −1 . The only noticeable difference is the right shift of the diamond peak from 1328 to 1334 cm −1 . This is most probably caused by the variation of coating stress induced by the irradiation. The thermal expansion coefficient of the diamond is lower than that of tungsten and it causes the thermal stress at the interface. Most importantly, neither graphite nor amorphous carbon is detected in Raman spectra. In other words, there is no observable phenomenon of graphitization. The XRD patterns after the irradiation are demonstrated in Fig. 8 and there were no significant changes about XRD peaks of the diamond before and after irradiation. In conclusion, the whole diamond coating maintains the stability of the chemical properties. 
Conclusion
The work aims at designing a diamond-protective coating for tungsten used in the fusion environment to inhibit the typical tungsten surface damage caused by plasma. Through a direct current plasma jet CVD technique, a dense diamond coating with the micron scale was fabricated on different kinds of tungsten substrates. The proven CVD technique can help control the cost of the coating preparation in future applications with large tungsten parts.
The high-quality diamond coating with dense and uniform coverage was grown on the surface of pure tungsten treated by the laser. Under the same growing condition, the diamond coatings obtained on the surface of W-1 wt.% La 2 O 3 and W-0.5 wt.% TiC were not completely dense. The presence of the second phase would retard the growth of diamonds, resulting in many bare areas. The mechanism of this hysteresis needs further exploration. The SEM results showed that the diamond coating did not peel off the tungsten surface after irradiation. The XRD results showed that the crystal structure and phase composition of the diamond coating was not changed after irradiation. The Raman results showed that the diamond remained pure without graphitization after irradiation. All the tests imply that after being irradiated by deuterium plasma, the diamond coating appears neither delamination nor dramatic coating failure. Besides, the erosion from hydrogen plasma is rare and the diamond coating is chemically stable. There existed some interesting phenomena about the damage morphology of the coating. Finely tiny cracks with the irregular reticular morphology are observed on the crystal face of diamonds that is perpendicular to the direction of irradiation and the erosion is more intense on the boundary and corner of grains. Overall, the damage is very shallow. All tests show that the diamond coating prepared on the tungsten surface by the CVD method can withstand the plasma irradiation, which is an effective protective layer on the surface of tungsten. In the future work, the orientation optimization and a larger load of thermal shock test of diamonds need to be done.
